Purpose. Rapid identification and characterization of multidrug-resistant Klebsiella pneumoniae strains is necessary due to the increasing frequency of severe infections in patients. The decreasing cost of next-generation sequencing enables us to obtain a comprehensive overview of genetic information in one step. The aim of this study is to demonstrate and evaluate the utility and scope of the application of web-based databases to next-generation sequenced (NGS) data.
INTRODUCTION
Klebsiella pneumoniae is a member of the family Enterobacteriaceae and is one of the most common pathogens causing community-and hospital-acquired infections, including pneumonia, bacteraemia, urinary tract infections and pyogenic liver abscesses [1] [2] [3] . Nosocomial K. pneumoniae isolates often display highly resistant phenotypes, with these showing resistance to drugs such as oxyiminocephalosporins (ESBLs), aminoglycosides, macrolides and quinolones [1] , as well as rapidly increasing resistance to carbapenem [4] . Highly drug-resistant clones complicate the antibiotic treatment of patients [5] . In addition, a combination of several virulence factors resulted in hypervirulent variants of K. pneumoniae that affected the previously healthy population, causing communityacquired infections [6, 7] .
In current routine practice, bacteria are mostly identified and characterized using well-established and standardized phenotypic and molecular typing methods. Varieties of specific methods such as pulsed-field gel electrophoresis or multilocus sequence typing are used for the further characterization and outbreak investigation of selected isolates. Unfortunately, these methods are time-consuming, laborious and expensive [8] . The time requirements, cost and affordability have been compared in previous works [9, 10] .
Rapid genotyping is essential for the accurate and targeted outbreak characterization of severe life-threatening infections. As the cost of next-generation sequencing (NGS) has decreased in recent years, it has become a useful method for outbreak detection and surveillance in a single step [11] . Proof-of-concept studies have shown that NGS holds significant potential for microbial identification from primary human specimens through both targeted amplicon sequencing of rRNA genes and whole-genome sequencing (WGS) [12] [13] [14] . WGS can also act as a precursor to generate specific diagnostic tests for timely case definition [15] [16] [17] [18] [19] .
As NGS provides a large amount of sequencing data, a rapid and automatic conversion tool is required that enables the results to be interpreted easily by health professionals, who usually have limited informatics skills [20] . For this purpose, the Center for Genomic Epidemiology provides publicly available web-based tools for the rapid handling and extraction of relevant information for identification, diagnosis and outbreak investigation (http://www.genomicepidemiology.org/). Another well-known web-based database, Institut Pasteur MLST, provides access to genotypic data for virulence-associated genes (http://bigsdb.web.pasteur.fr/ klebsiella/klebsiella.html).
In this study we demonstrated ways of obtaining relevant genetic information from bacteria that differ from classic molecular methods. In particular, we explored the application, utility and scope of web-based tools with respect to NGS data for rapid typing, antimicrobial resistance genes and virulence-associated gene detection of extendedspectrum beta-lactamase (ESBL)-producing Klebsiella pneumoniae clinical strains.
METHODS
Study design and bacterial isolates K. pneumoniae isolates were collected for the purpose of screening for colonization and sepsis in a larger study in the tertiary-care hospital focused on ESBL-resistant isolates [21] . From these isolates, 11 from different patients were selected for genome sequencing in this study. The isolates were stored at À70 C.
Screening for ESBL and antimicrobial susceptibility testing All of the isolates were cultured on selective chromogenic media chromID ESBL (BioM erieux) and the ESBL producers were confirmed using the double-disk synergy test (Oxoid, Thermo Scientific, USA 
Analysis of sequenced data
The flow of NGS data, including expected required times, is presented in Fig. 1 . Raw data generated on the Illumina MiSeq sequencing platform were uploaded onto web-based tools hosted by the Center for Genomic Epidemiology (http://www.genomicepidemiology.org/), as of March 2016, and also imported into CLC Genomics Workbench software, version 6.0.4 (CLC Bio, Aarhus, Denmark). CLC Genomics Workbench is a commercial application that provides numerous tools for the analysis and visualization of NGS data. Although the average size of the raw data files containing paired-end reads ranged between 1-1.4 Gb, the import into CLC Genomics Workbench using the import tool was fast and easy. Sequence quality trimming was carried out using the default settings, i.e. the quality score limit was set at 0.05, the maximum number of ambiguities was set at 2 and reads that were less than 20 nucleotides in length were discarded. To obtain longer reads with higher accuracy, a CLC Genomics Workbench NGS core tool named 'merge overlapping pairs' was employed. The trimmed and merged data were assembled into contigs using the CLC Genomics Workbench De Novo assembly tool with the following default settings: 20 nucleotide-long words and 50 nucleotide-long bubbles; minimum contig length set at 200 nucleotides; auto detection of paired distances and scaffolding enabled. None of the operations required specific programming or computational skills, as the software employed (CLC Genomics Workbench) has an intuitive and well-organized graphical user interface (GUI).
The main evaluation of raw pair-end reads was carried out via the freely available interactive online tools MLST 1. The paired-end reads were run through an MLST tool for sequence type (ST) detection. An unknown allele from one isolate was examined for coverage depth and after the required coverage of at least >50Â the length of the MLST genes was confirmed, a newly discovered MLST type was submitted to the Institut Pasteur MLST Database (http://bigsdb.web.pasteur.fr/perl/bigsdb/bigsdb.pl?db= pubmlst_klebsiella_seqdef_public&page=sequenceQuery).
The identification of acquired antimicrobial resistance genes using ResFinder was run with thresholds set at 98 % for sequence identity (% ID) and 60 % for minimum length. An identity threshold of 80 % was used in order to detect both large and small plasmids using PlasmidFinder.
Reference sequences of the selected virulence genes (ureA, fimH, kfu, uge, wabG, wzy_K1, mrkD, allS, rmpA and cf29a) known to be associated with K. pneumoniae virulence [6, 7, 25] were run through the NCBI nucleotide database, downloaded and imported into CLC Genomics Workbench software. Raw pair-end reads were thereafter mapped against the corresponding reference virulence genes. The presence or absence of a particular virulence gene was concluded on the basis of average mapping coverage. To conclude that a particular virulence gene was present, it had to be covered over at least 45-50Â of its length. For the purpose of using web-based tools, virulence factor analysis was performed using BIGSdb-Kp hosted by the Institut Pasteur MLST database (http://bigsdb.web.pasteur.fr/perl/bigsdb/bigsdb.pl?db= pubmlst_klebsiella_seqdef_public&page=sequenceQuery). The assembled contigs were run through selected schemes: efflux systems and regulators, virulence genes, cps cluster genes and urease-nickel cluster genes. Raw sequencing data were submitted to the NCBI Sequence Read Archive (SRA); the SRA study accession number is SRP095880. The corresponding NCBI BioProject accession number is PRJNA359577.
RESULTS AND DISCUSSION NGS summary and data processing
The main quantitative and qualitative characteristics of the genomic data are presented in Table 1 . According to an estimated PHRED score of 37, the average base call accuracy was as high as 99.98 %. The coverage presents the number of sequences that support the individual base position. The average coverage value varied from 76 to 95 %, depending on the particular isolate. The GC content calculated was around 55-57 %. During sequence quality trimming 0.01 % of raw data were discarded. The trimmed and merged pairend reads were assembled into contigs. A technical description of the NGS data is not useful for clinicians and has no impact on treatment. However, these numbers demonstrate that the input data were of good quality (base call accuracy, coverage and a small percentage of discarded data).
The increasing use of NGS means there is a need to introduce valid tools for rapid data processing on a large scale.
These approaches were used for clean bacterial cultures. For the purpose of the rapid identification of pathogens from clinical samples, there is need to separate pathogens' nucleic acids from the preponderant host background. Various types of contamination in sequencing runs have been reported, e.g. sequences obtained from impure samples, contamination of the chemistry for nucleic acid preparations or the identification and removal of human contamination from microbial metagenomes [26] as well as mitigation techniques [27] . Several bioinformatics analysis pipelines were developed for the recovery of pathogen sequences from NGS data in time frames that are relevant for clinical use [28] . Unbiased metagenomic NGS in clinical settings offers the possibility of identifying pathogens' nucleic acids in clinical samples without a priori knowledge of the target. For this purpose, a rapid cloud-compatible bioinformatics pipeline was developed: sequence-based ultra-rapid pathogen identification (SURPI) [29] is able to detect any pathogen sequence present in the GenBank reference database. Other online analysis pipelines that have been developed are the Pathosystems Resource Integration Center (PATRIC) [30] , Computational Pathogen Sequence IDentification (CaPSID) [31] , PathSeq [32] , SPAdes [33] and Prokka [34] . Bioinformatics tools that are focused solely on gene detection were also developed: Antibiotic Resistance Genes Online (ARGO) [35] , the microbial database of protein toxins, virulence factors and antibiotic resistance genes (MvirDB) [36] , the Antibiotic Resistance Genes Database (ARDB) [37] , the Comprehensive Antibiotic Resistance Database (CARD) [38] or the Antibiotic Resistance GeneANNOTation (ARG-ANNOT) [39] . The software packages that are often used for NGS data analyses were summarized previously [16, 40] .
Multilocus sequence typing characterization Ten of 11 isolates were classified as previously identified MLST types (Table 2 ). These isolates were from seven different sequence types: ST11, ST23, ST37, ST323, ST433, ST495 and ST562. The last isolate was characterized as an unknown sequence type. An unknown combination of alleles was verified by Sanger sequencing [41] and set as a new sequence type named ST1646 (gapA-10, infB-3, mdh-4, pgi-97, phoE-12, rpoB-1 and tonB-39) on the K. pneumoniae MLST database. Four sequence types had previously been identified sporadically: ST323 [42] [43] [44] [45] [46] , ST433 [47] [48] [49] , ST495 [44] and ST562 [50, 51] . The following sequence types are globally disseminated high-risk clones (ST11 and ST37) or clones associated with pyogenic liver abscess (ST23) [6, [52] [53] [54] [55] .
Characterizing the sequence type is essential for epidemiological surveillance in hospitals in particular and in the corresponding geographical area in general. The contigs were analysed using an MLST tool. The results for all of the alleles (tested at once) and an appropriate ST were obtained in minutes according to the web response. In the case of isolates with an unknown ST, the allele numbers were identified and then used to subscribe the new ST to the MLST Pasteur web.
Antimicrobial susceptibility testing and resistance genes All of the sequenced K. pneumoniae isolates were ESBL producers. All of the isolates were susceptible to colistin, fosfomycin and meropenem. The phenotypic resistance to other antimicrobials is shown in Table 3 .
Eleven to 20 acquired resistance genes of 8 antimicrobial agent families were identified by ResFinder among all the isolates: aminoglycoside, beta-lactamase, fluoroquinolone, fosfomycin, phenicol, sulphonamide, tetracycline and trimethoprim (Table 2) . Agreement was found between in silico detected beta-lactamase, aminoglycoside, sulphonamide and trimethoprim genes and phenotypically tested antimicrobials. The isolates for which fluoroquinolone resistance genes had been detected were phenotypically resistant, except isolate 5, which lacks the QnrB gene. Isolates 3, 4, 5, 7, 8 and 9 were phenotypically susceptible to chloramphenicol, but the phenicol-coding resistance gene catB3 was identified. This gene was shorter (442 bp) in all of the detected cases than in the corresponding sequence from the database (633 bp). A similar disagreement between phenotype and genotype has previously been described [23] , with this being explained by the fact the found gene was shorter than the resistance gene, as in our case. Three fosA genes were identified in isolates 7, 8 and 9, but all of them were phenotypically susceptible. We found no evidence in the literature for carriage of the fosA gene while the phenotype is susceptible. Isolates 1 and 2 (both ST11) carried the bla DHA-1 gene for AmpC cephalosporinases. Cefoxitin disks were used to screen AmpC producers in these isolates with the outcome of phenotypically susceptible. Isolates 1 and 10 showed an intermediate susceptibility to ertapenem, and neither of them were found to contain a carbapenemase-coding gene matching this phenotype. Carbapenem resistance with a lack of carbapenemases is usually explained by a combination of impaired outermembrane permeability or porin gene nonexpression (porin changes/loss) along with ESBL production [56, 57] . Seven isolates were tetracycline-resistant, but one of them (isolate 10) was found not to contain a tetracyclin resistance gene with default 98 % ID settings. This discrepancy was caused by the presence of the tet(A) gene, but with a lower % identity (94.92 % ID).
According to Zankari et al. [58] , high concordance (99.74 %) between phenotypic and predicted antimicrobial susceptibility was observed in Salmonella, Escherichia and Enterococcus. According to Stoesser et al. [59] , the sensitivity of the genotype for predicting resistance in Escherichia and K. pneumoniae was 96 %. In the PRIMERS I and II studies diagnostic molecular platforms were used to detect resistance against beta-lactams, with varying degrees of success among the tested antibiotics. The imipenem, ceftazidime and cefepime resistance sensitivities were >95 %, and the piperacillin/tazobactam resistance sensitivities were 80 % [60] . In our limited cluster of isolates, a high number of discrepancies were observed between the phenotypes and the acquired resistance genes detected using web tools. Thus, validation with larger datasets is necessary. In the literature, phenotypic testing is usually performed first, and then only phenotypically resistant isolates are tested by PCR for the presence of resistance genes. The discordance between antimicrobial resistance genotype/phenotype is complex and, in addition to being caused by antimicrobial resistance genes, it can be caused by other known resistance mechanisms, such as porin genes or efflux pumps [59] . Another explanation for this discordance might be the presence of a currently undescribed allelic variant associated with resistance, allelic variants associated with susceptibility, or as yet undiscovered genes.
These genotype/phenotype mismatches might result in diagnostic errors and inappropriate treatment. In such cases, clinicians would over-treat patients needlessly. The consequences of this may be further propagation of resistance through the application of undesired selective pressure, increased costs and possibly increased toxicity. On the other hand, failing to identify resistance has more direct consequences for the patient, who may receive ineffective or suboptimal antibiotic treatment. The failure of ineffective treatments may result in death, especially in critically ill patients [60, 61] .
The advantage of NGS is that it allows us to detect all known resistance genes present in the genome, and not only those selected and tested by PCR according to our expectations based on phenotypic testing. ResFinder allows us to detect acquired resistance genes, not chromosomal ones. All antimicrobial groups or a selected antimicrobial group can be set for testing at once. The settings for minimal length and % identity between the gene in the database and the corresponding sequence in the genome can be the default ones or they can be changed as required. The turnaround time for acquired resistance gene detection is calculated in minutes or dozens of minutes, depending on the server workload.
Virulence-associated gene detection Although the Center for Genomic Epidemiology enables virulence factor identification, it is only available for Escherichia coli, Enterococcus and Staphylococcus aureus, and not for K. pneumoniae. The genes selected for virulence typing by the CLC Genomic Workbench were associated with virulent and hypervirulent phenotypes in K. pneumoniae strains [6, 7] . Therefore the virulence genes were tested using the web-based BIGSdb-Kp database. The genes detected by CLC Genomic Workbench and BIGSdb-Kp are shown in Tables 2 and 4 .
Another basic virulence factor of K. pneumoniae exhibiting structural diversity, which translates into different antigenic properties relevant to bacterial virulence, is capsular polysaccharide (CPS) [62] . Several capsular serotypes (K types) were defined according to the detected genes wzi and wzc, which are connected with K-type identification (Table 2 ).
Multidrug efflux pumps are an important mechanism of antimicrobial resistance in Gram-negative pathogens. In addition to contributing to the multidrug resistance phenotype, the efflux pumps represent a virulence factor that is required for K. pneumoniae to resist the lung's innate immune defence mechanisms, thus facilitating the onset of pneumonia [63, 64] . The genes contributing to the AcrAB efflux pump and/or the OqxAB efflux pump were found ( Table 2 ).
The 10 selected virulence genes associated with K. pneumoniae were detected by commercial CLC Genomic Workbench software and thus the results were compared to the BIGSdb-Kp database for detected genes. Four of these genes (kfu, mrk, all and rmp) were detected by both BIGSdb-Kp and CLC Genomic workbench software, but the other four genes (ure, fim, uge and wab) identified in almost all of the isolates, as well as the wzy_K1 gene, were only found using CLC Genomic Workbench. Despite BIGSdb-Kp only being able to identify half of the genes searched for, the advantage of database tools and NGS in general is the detection of a huge variety of virulence genes and, moreover, genes selected and searched for by PCR reactions. This is shown in the example of isolate 3, where many additional virulence genes were found. By using NGS and BIGSdb-Kp, we were also able to characterize genes associated with polysaccharide capsule production, and we identified the capsule type without needing to use the serotyping method in six isolates. The BIGSdb-Kp provides information about the presence of gene-coding efflux pumps and their regulator genes, which can contribute to antimicrobial resistance as well as virulence. The response time for virulence factor detection in BIGSdb-Kp is several minutes. Another virulence database exists, the Virulence Factor Database (VFDB) [65] , Allantoinase cluster Allantoin anaerobic assimilation [68] Yersiniabactin cluster Iron acquisition system [69] Aerobactin cluster Iron acquisition system [70] Ferric uptake kfu cluster Iron acquisition system [71] Microcin E492 mce cluster Bacteriocin production [72] Colibacin clb cluster Toxin production [73] mrk cluster Mannose-resistant Klebsiella-like (type III) fimbriae [74] fim cluster Type I fimbriae [74] cf29a Nonfimbrial adhesin [75] rmpA Regulator of mucoid phenotype [76] wzy_K1 Associated with hypermucoviscosity phenotype [25] wabG Outer-core lipopolysaccharide biosynthesis [77] uge Capsule and lipopolysaccharide formation [78] ureA Urease synthesis [7] but it is not specific for Klebsiella or as user-friendly as BIGSdb-Kp.
In silico plasmid characterization By using PlasmidFinder, 10 plasmid replicon types of both small and large plasmids were detected (Table 2) . A replicon of large plasmid FII(K) was found in all of the isolates. With the exception of isolate 11, replicon FIB(K) was also found in these isolates. In addition to these replicons, isolates 1, 2 and 8 also contained the FIA replicon. The identified replicons were from plasmid incompatibility groups IncF, IncHI1 and IncHI2. The IncHI1B replicon was only detected in isolate 3, and the IncHI2 replicon was detected in isolates 5 and 10. Two detected replicon sequences Col (RNAI) and Q2 were predicted to belong to the small-size plasmid groups. Col plasmids are related to colicin production by and against Escherichia coli and related bacteria [66] . Plasmids from the Q2 family are small (<20 kb), have a broad host range and are highly promiscuous [67] . PlasmidFinder and the rest of the tools at the Center for Genomic Epidemiology provide results in several minutes, according to server response, using raw data or contigs.
As we expected, all of the highly virulent and resistant isolates carried replicons of large plasmids that allow the horizontal spread of resistance genes and virulence factors. For precise plasmid characterization and carried gene detection, plasmid DNA isolation and sequencing is needed.
Summary
The web-based tools we selected enabled us to extract a large amount of information from NGS data. Although the data obtained have no direct impact on treatment, they are relevant for local and/or global epidemiology. The interface of these tools is user-friendly and does not require advanced informatics skills, such as knowledge of a programming language, while the data processing is very time-efficient. The time range from receipt of the isolates to complete genomic analysis varied according to the methods and commercial kits employed. Following the steps described below, the DNA isolation and library preparation take 2 working days, while sequencing itself takes 1 day. Raw data analysis takes 1-2 days and the time required for subsequent data analysis using web-based tools varies from minutes to hours, according to the server response. Commercial kits that enable one to shorten the library preparation to several hours are available. Sequence reads that are longer than those we have described could be obtained with some commercial kits, but this would be at the cost of prolonged sequencing (up to 2 days). All of the sequenced isolates were ESBL producers in which we identified acquired resistance genes to major antibiotic groups. In addition, these strains contained virulence factors allowing adherence to and invasion of human tissues, efflux pumps contributing to multidrug resistance and virulence providing a selective advantage under the host or environmental state. All of the isolates contained replicons of large plasmids. 
Conclusions
NGS is a modern method to further characterize bacterial samples and outbreak detection, and provides a comprehensive overview of genetic information in a single step, instead of through many specific PCR reactions with a narrow spectrum of preselected genes. Current freely available webbased tools enable us to obtain a large amount of information from NGS data, which can be used for more effective diagnosis and treatment of patients. Access to genomic data can help us utilize the information obtained through basic research for practical application. NGS and web-based tools can serve as a link between scientists undertaking basic research and microbiologists working with an emphasis on practice, e.g. the data concerning bacterial resistance and virulence could be used for the implementation of new examination methods.
The role of NGS in clinical microbiology will increase during the next years, not only for research, but also for molecular diagnostics, infection prevention and outbreak investigation. However, further studies are required to improve the workflow for NGS, shorten the library preparation turnaround times and NGS platform run times, reduce costs, develop standardized operational protocols and data analysis pipelines, improve reference databases, and establish proficiency testing and quality control measures.
Our study demonstrates that processing NSG data with web-based tools is easy and time-efficient, while it produces comprehensive results. The main challenge is to choose and evaluate information from the generated outputs that is relevant for a particular task. 
